A drop in mean arterial pressure (MAP) characterizes early, normal pregnancies of humans and of inbred mice, species with hemochorial placentation. Murine MAP, assessed by continuous radiotelemetry, falls from implantation to Gestation Day 9 (GD9) and then recovers. The change in the trajectory of mouse MAP after GD9 coincides with full maturity of the placenta and onset of its circulation. To identify whether these early gestational changes in hemodynamic function are conceptus and/or maternally regulated, pseudopregnancy (conceptus absent) with endometrial decidualization was established in radio transmitter-implanted, randomly bred CD1 mice. To avoid destabilization of MAP by anesthesia and surgery, decidualization was induced by transcervical infusion of concanavalin Acoated Sepharose beads 48 h after the female had copulated with a vasectomized male. In comparison to the postimplantation drop in MAP recorded in CD1 females mated by fertile males, pseudopregnancy MAP was stable to Gestation-Equivalent Day 10 in mice with confirmed endometrial decidualization at euthanasia. Thus, decidualization, with its accompanying pregnancy-like endocrine environment and uterine neoangiogensis and immune cell recruitment, is inadequate to depress early postimplantation MAP. These data suggest that the physiological modulation of early gestational MAP is not driven by maternal changes but is altered through conceptus-based mechanisms.
INTRODUCTION
Pregnancy alters homeostatic regulation of mean arterial pressure (MAP) [1, 2] . Women frequently show an early gestational drop in MAP (to week 12). This is attributed to increases in cardiac output and plasma volume that elevate renal plasma flow and glomerular filtration rate [1] . Related changes occur in progesterone-dominated phases of the menstrual cycle [3] . Using continuous radiotelemetry to assess hemodynamic function in inbred mice, we found a postimplantation drop in MAP [2, 4] . MAP reached its nadir on Gestation Day 9 (GD9) and then increased, at first more rapidly (to GD14) and then more slowly, with return to its preconception baseline prior to parturition. Changes in mouse gestational MAP coincide with specific steps in placental development and are seen even when litter sizes are small (4-5 pups) [2] . There is no change preimplantation (mating to GD4.0). Following implantation, MAP declines during the preplacental interval, a stage associated with ectoplacental cone trophoblasts. MAP reaches a nadir at GD9-GD10 when circulation commences in the newly differentiated placenta. The more rapid first phase of MAP recovery occurs when both placental and fetal growth are rapid; the later, slower phase of MAP recovery occurs when placental but not fetal growth slows [5, 6] . Declining human gestational MAP reverses after the 12th week of pregnancy, a time associated with disappearance of fetal trophoblastic plugs from maternal spiral arteries. ''Unplugging'' of spiral arteries initiates maternal blood flow into the placental intervillous space [7] . Because aberrant early gestational processes are thought to underpin later overt clinical signs of hypertension and proteinuria in the common human gestational emergency preeclampsia (3%-5% of all pregnancies) [8] , we wondered if transient early gestational hypotension might reflect high trophoblast quality or overall conceptus health. To enable an hypothesis of conceptus-based control of maternal hemodynamics, definition of maternally initiated alterations is required.
Reports of our initial radiotelemetric study of pregnancies in inbred mice contained several observations suggestive of conceptus regulation of maternal MAP. Two pregnancies showed no drop in MAP, and the dams became severely hypertensive, one at GD12 and one at GD14. These were the only two females to deliver term stillborn pups (i.e., late fetal deaths) [2] . Three additional females copulated with fertile males but did not conceive. Over the subsequent interval of pseudopregnancy, MAP did not fluctuate from baseline. This indicated that ovarian hormones supporting pseudopregnancy, including progesterone, did not influence MAP. A critical limitation for that observation was that in mice, endometrial decidualization does not accompany copulation-induced ovarian stimulation. Decidualization creates a new stromal environment at implantation sites. This transient environment is characterized by vascular leakage, angiogenesis, and other vascular alterations [9] , as well as by immune cell recruitment [2] and production of molecules important for implantation and conceptus development, including prostaglandin-endoperoxide synthase-2 and bone morphogenetic protein-2 [10] . The current study was undertaken to determine whether endometrial decidualization in the absence of conceptus tissue depresses preplacental MAP.
Many protocols successfully induce deciduomata [11] . We used uterine transplantation of concanavalin A (ConA)-coated Sepharose beads into CD1 females mated 48 h previously by vasectomized males [12] . This protocol, characterized in detail by Herington and Bany [13] , was chosen because it supports an extended interval (at least to Gestation Day Equivalent 10 [GED10]) of focal endometrial decidualization [12, 14] and thus covered the interval of interest. Protocol modification was required, however, to avoid general anesthesia and bead transfer by laparoscopic surgery. In unmated CD1 females, anesthesia and surgery significantly elevated hemodynamic parameters and depressed the animals' activity. Even with 48 h of postoperative analgesic support, hemodynamic and activity measurements did not return to presurgical baselines for 7 or more days (Rätsep, Barrette, Winterborn, Adams, and Croy, unpublished results). Thus, anesthesia and surgical transplantation of the ConA-coated Sepharose beads was incompatible with the study targeting data collection at postoperative days 2-10. Nonsurgical transcervical blastocyst transfer to nonanesthetized mice is reported to be as successful as surgical transfer [15] when a small NSET device (Paratechs Corp., Lexington, KY) is used to ensure delivery into the uterine lumen. The device was successfully used for induction of focal deciduomata in nonanesthetized recipients without disturbance to baseline MAP. This modification to the protocol for induction of deciduomata permitted assessment of hemodynamic parameters between decidualized pseudopregnant and pregnant GED/ GD0.5 to GD11.5 mice.
MATERIALS AND METHODS

Animals
CD1 Crl:CD1 (ICR) outbred mice (CD1) were purchased from Charles River Canada (St. Constant, QU) and conventionally housed with 12L:12D cycles and free access to food and water. All animal usage was approved by Queen's University Animal Care Committee and complied with the Guide to the Care and Use of Experimental Animals, Canadian Council on Animal Care.
Telemetry Implant Surgery
TA11PA-C10 radio transmitters (Data Sciences International, St. Paul, MN) were implanted in 10-week-old females via the common carotid, as previously described [2] . Mice were housed individually and received buprenorphine (0.1 mg/kg, BID s.c.; n ¼ 9), meloxicam (2 mg/kg, SID s.c.; n ¼ 2), or tramadol (20 mg/kg, SID s.c.; n ¼ 4) postoperatively. Animals recovered for 10 days prior to pairing for mating.
Study Protocol
Instrumented females were paired with intact or vasectomized males. Data recording began after copulation plug detection (GD/GED0.5). At GED2.5, recording was stopped briefly, females were mildly restrained and given ;5-15 blastocyst-sized ConA-coated Sepharose beads (Sepharose conjugated [45-165 lm]; Sigma Aldrich, Oakville, Canada) transcervically, using an NSET device (Paratechs), and recording was resumed. Females were recorded until GD12/ GED11.0, and then the pseudopregnant females were euthanized by anesthetic overdose and dissected for uterine observation. Tissues were collected for routine fixation (4% paraformaldehyde in PBS, pH 7.4), paraffin embedding, and sectioning at 5-lm thickness. Tissues were stained with hematoxylin and eosin or with Dolichos biflorus agglutinin (DBA) lectin to evaluate recruitment of uterine natural killer (uNK) lymphocytes as previously described [16] . Pregnancies in naturally mated females continued to parturition, and then the instrumented females were entered into other studies.
Data Acquisition and Statistical Analysis
Collection parameters included MAP, systolic arterial pressure (SAP), diastolic arterial pressure (DAP), heart rate (HR), pulse pressure, and activity. Data were collected for 30 sec, every 4 min to obtain 24-h means for each parameter for each mouse. Means of replicate animals were analyzed using Prism version 5.00 statistical software (GraphPad Prism). Data are presented as mean 6 SEM. MAP was stable from GD0/GED0 to GD2/GED2, as in inbred strains. MAP was thus averaged from GD0/GED0 to GD2/GED2 to define baseline, and each subsequent GD/GED was compared to obtain delta values. Data were analyzed by paired 1-way repeated-measures ANOVA with Dunnett post hoc test within groups and 2-way ANOVA with Bonferroni post hoc test between groups. The area under the curve was calculated for groups to compare pulse pressures from GED/GD5 to GD10. A P value of , 0.05 was considered significant. Data collected for GD12 and GED11 were partial day recordings and were not included in the figures.
RESULTS
Six pregnancies in randomly bred CD1 mice were continuously recorded to GD12.5. Litter sizes at birth were 8-14 pups (mean, 11.4 6 1.4 pups). Baseline preconception MAP was 107.2 6 2.3 mm Hg, comparable with that of inbred mice (the C57BL/6, BALB/c, and NOD strains [2, 4] ). MAP declined gradually after copulation, became statistically different to baseline at GD8, and reached a nadir of 95.5 6 3.4 mm Hg at GD9 (D11.7 mm Hg). MAP then increased toward baseline at GD10-GD11 (Fig. 1A) , a pattern consistent with inbred pregnancies. SAP and DAP also dropped and showed differences from baseline values between GD7 and GD11 (SAP) and GD8-GD9 (DAP [Fig. 1, B and C] ). Pulse pressure, calculated as the difference between SAP and DAP, was significantly different from baseline values between GD6 and GD10 (Fig. 1D) . This implies that cardiac change, particularly in stroke volume, occurs in CD1 mice between GD6 and GD10. HR and activity were stable over pregnancy (not shown). Thus, hemodynamic profiles of CD1 mice between conception and midpregnancy resemble those of inbred strains.
At post mortem, not all bead recipients showed successful decidualization. Some females (n ¼ 10), classified as ''pseudopregnant decidualized,'' had grossly observable uterine swelling ( Fig. 2A) . These females had received 10 or more beads. The swellings were histologically confirmed as normal deciduomata (Fig. 2B) with the normal function of uNK cell recruitment (Fig. 2C) . In other females (n ¼ 4), the beadinfused horn could not be distinguished from the nonmanipulated contralateral horn (not shown). These females had received 5-8 beads and were classified as ''pseudopregnant, nondecidualized.'' Hemodynamic data for each pseudopregnant subclass were analyzed independently. No significant differences in MAP were present at any GED up to 10 between pseudopregnant mice with or without decidualization compared against their own baselines (Fig. 3A) or compared to each other (not shown). The nadir in MAP at pregnancy Day 9 (À11.8 6 2.4 mm Hg below baseline; P , 0.05) was absent in pseudopregnant decidualized (À2.9 6 1.9 mm Hg; P . 0.05) and pseudopregnant nondecidualized (À2.6 6 5.1 mm Hg, P . 0.05) mice, Thus, endometrial decidualization is without effect on MAP.
Analyses of SAP, DAP, HR, and activity across pseudopregnancy revealed no statistical changes (whether mice were decidualized or not). A statistical change was present in pulse pressure. Comparisons between either pseudopregnant group or the combined pseudopregnant groups and pregnant mice of equivalent days revealed differences at GED8, GED9, and GED10 in MAP, DAP, and SAP (Fig. 3, A-C) . Pulse pressures between pseudopregnancy and pregnancy differed when data were grouped over-GED/GD5-GD10. Neither HR nor activity differed between pseudopregnancy and pregnancy to GED/ GD11 (not shown).
DISCUSSION
These analyses strongly suggest that endometrial decidualization accompanied by numerous changes in structure and porosity of the endometrial vasculature is not a factor that regulates changes in maternal hemodynamic function between conception and mid-pregnancy. The data suggest that at least in mice, the hemodynamic changes seen over early pregnancy were conceptus-regulated. Conceptuses appeared to be competent in effecting systemic maternal hemodynamic changes when they were composed of relatively few cells and had not completed either their placental or fetal development. BARRETTE ET AL. 
REGULATION OF EARLY GESTATIONAL BLOOD PRESSURE
Although further studies will be needed to define the putative conceptus-based regulatory mechanisms, several appealing potential pathways that are trophoblast-based can be considered. First, it is possible that conducted responses are induced by intravascular trophoblasts. In systemic vessels, connexin-based gap junctions between adjacent endothelial cells as well as between endothelial and vascular smooth muscle cells provide rapid, coordinated, dilatory or contractile actions from a localized vascular stimulation site to distant upstream or downstream vessels [17, 18] . In preliminary work assessing the vasoconstrictor phenylephrine at GD12 in C57BL/6 mice, we documented downstream-conducted responses from the uterine artery into its four named suborder branches that supply implantation sites [19] . Thus, early gestational trophoblast invasion into the vascular smooth muscle and replacement of endothelium in spiral arteries, the most distal branch order from the uterine artery, may provide conceptuses with upstream control of their mothers' circulation. Upstream-conducted responses would potentially provide effective, conceptus-based access to and rheostat-like control of maternal nutrient supplies, adjustable to conceptus growth demands and to maternal nutrient availability.
A second possibility is that shed trophoblast microparticles and nanoparticles, which in humans have been detected by the third week of gestation [20] , have systemic primary actions on endothelium that lower its vasoconstrictive set point. The early decline in MAP may reflect progress toward saturation of the endothelium by such trophoblastic vesicles and the nadir in MAP may reflect the point of saturation. Alternatively, this could be conceived as an indirect action requiring uptake of the vesicles from plasma by immune cells, as has been reported for ;20% of human myeloid dendritic cells and lower proportions of plasmacytoid dendritic cells and monocytes [21] . Vesicle binding could induce changes in immune cell functions/ secretions that would act on the systemic endothelium. A third possibility is that one or more very potent secreted products of early conceptuses (probably of trophoblast origin) are hemodynamically active.
Our data were generated in a mouse model that exploited the ability to separate sustained endometrial decidualization from pregnancy. An equivalent situation cannot be induced in humans but there is no a priori reason to expect our findings would not apply to humans and to other species with hemochorial placentation. Trophoblast invasion of the maternal vasculature is relatively shallow in mice [22] , compared with humans, suggesting a potentially greater role for trophoblast in human conceptus-based control of the mother's circulation. If upstream, conceptus-based control of maternal arteries contributes to the normal circulatory control of pregnancy, the importance of adequate trophoblast invasion of maternal spiral arteries for the promotion of healthy human pregnancy becomes obvious. As most human pregnancy complications are syndromes in which significant proportions of patients have the histopathology of impaired spiral arterial remodeling [23] , understanding whether the mechanisms that provide gestational hemodynamic control are trophoblast-based or provided by other conceptus-derived cell lineages is critically important, as is specific definition of the mechanisms involved.
